unable to bind NADPH. The results obtained so far suggest that the modified histidine residue is in, or near, the coenzyme site, and the protection by inhibitors competitive with NADPH suggest that it is in the region of the binding site for adenosine ribose and distal to the site of hydride transfer.
Thiol groups. The role of thiol groups in the activity of mammalian aldehyde reductases is not at all clear. From the amino acid composition, depending on the source of the enzyme, three to six cysteine residues are present per molecule of enzyme (Davidson & Flynn, 19796) . Flynn et al. (1975) found that four of the five cysteine residues in pig kidney aldehyde reductase reacted with pchloromercuribenzoate (PCMB) at pH 7.0 with no resulting loss of catalytic activity. The addition of high concentrations (a 50-fold excess over thiol groups) of PCMB were required to cause complete inhibition. In studies with the human liver enzyme, Wermuth et al. (1977) found that reaction of PCMB with the most reactive thiol group did not cause inactivation. The addition of concentrations of PCMB in excess of 2 or more equivalents per mol of SH groups resulted in turbidity and an inability to monitor the reaction spectrophotometrically. It is noteworthy that in a re-examination of the role of thiol groups in the activity of pig kidney aldehyde reductase we have encountered the same phenomenon. We have been exploring the possibility that the denaturation that occurs is due to intramolecular disulphide-bond formation, which has been suggested to occur with other oxidoreductases when they are titrated with disulphide-interchange reagents (Wassarman & Mayor, 1969; Rippa et al., 1978) . In a recent paper, Morpeth & Dickinson (1980) reported that reaction of pig kidney aldehyde reductase with high and low concentrations of 5,5'-dithiobis-(2-nitrobenzoate) (Nbs,) results in modification of one thiol group per molecule of enzyme. The inhibition of the enzyme at high concentrations of Nbs, is attributed to the reagent acting as a reversible inhibitor separate from its thiol-modifying role.
Conclusions
It is clear that much more work is needed to determine the amino acid residues involved in the mechanism of aldehyde reductase. However, a beginning has been made and investigations to date implicate an essential histidine, lysine and arginine residue at the coenzyme-binding site. Elucidation of the substrate-binding site will be more difficult and awaits the discovery of a substrate analogue capable of forming nonproductive binary and ternary complexes. The absence of a metal ion in aldehyde reductase (Morpeth & Dickinson, 1980, dehydrogenase, an enzyme catalysing a similar reaction and closely related from an evolutionary point of view (Davidson & Flynn, 1979b) . This contrast is of considerable interest and remains a fascinating prospect for future study.
Introduction
Haem and related compounds play a vital role in the harvesting and utilization of biological energy, and this has resulted in an intense interest in the biosynthesis of the tetrapyrrole macrocycle (see, e.g., Battersby et al., 1980) . The same interest has not been shown in the haem catabolic pathway, which, in most phyla consists of the single step of ring cleavage to form the green pigment biliverdin IXa (O'Carra & Colleran, 1977) . However, mammals possess a specific NAD(P)H-dependent reductase that transforms the apparently innocuous biliverdin IXa to the potentially toxic bilirubin IXa, which then requires glucuronidation before elimination in the bile (Bissell, 1975) . It has been suggested that this may represent ' VOl. 9 a mechanism for eliminating biliverdin IXa from the mammalian foetus, although the evidence is conflicting (Maines & Kappas, 1977; O'Carra & Colleran, 1977; Krasner et al., 1971) .
Under normal conditions, haem oxygenase catalyses the rate-determining step in haem degradation, and biliverdin reductase is considered to play no regulatory role. However, reports of pronounced substrate inhibition by biliverdin IXa, particularly potent with NADPH as cofactor (O'Carra & Colleran, 1977) prompted us to examine the kinetics of biliverdin reductase. Since previous workers had reported little success (Singleton & Laster, 1965; Tenhunen et al., 1970; O'Carra & Colleran, 1971; Watt & O'Carra, 1976) we first undertook to purify the enzyme.
Purification of biliverdin reductase
Cytosol from 200g of ox kidney, prepared in 2 5 0 m~-sucrose/lomM-sodium phosphate/2 mM-EDTA, pH 7.2, was 1 2 3 4 5 6 7 8 9
Fig. 1. SDS/polyacrylamide-gel electrophoresis of biliverdin reductase Electrophoresis was performed by using a 5%-polyacrylamide stacking gel, 1 S%-polyacrylamide resolving gel run at 30 mA for 6h. Tracks 1-9 contained cytochrome c (Spg), chymotrypsinogen A (Spg), ovalbumin (5pg), bovine serum albumin (5 pg), biliverdin reductase (3 pg), ox kidney aldehyde reductase (5 and lOpg), cytochrome c (5pg) and chymotrypsinogen A (Spg) respectively. Aldehyde reductase has a subunit mol.wt. of 33 000 (A. K. Daly, unpublished work).
fractionated by precipitation with 40-65%-satd. (NH,),SO, and the final pellet dialysed against 10 mu-sodium phosphate/ 2mu-EDTA, pH7.2. The dialysis residue was applied to a column (24 cm x 2cm) of DEAE-cellulose pre-equilibrated with 10rnu-sodium phosphate, pH7.2, and the enzyme eluted with a 0-0.2 M-KCI gradient. Pooled active fractions were applied immediately to a column (18cm x 2cm) of Procion Orange MX-G-Sepharose 4B (prepared by the method of Baird et al., 1976) and eluted with a 0-2u-KCI gradient. The active fractions were pooled, desalted on Sephadex G-25 and applied to a column of Procion Red MX-G-Sepharose 4B. The enzyme was eluted with a 0-1 M-KCI gradient and finally purified by gel filtration on Sephadex G-100 equilibrated in lomu-sodium phosphate/100mu-KCl, pH 7.2. After gel filtration, biliverdin reductase had been purified 1700-fold in 15% yield and was homogeneous by the criterion of SDS*/polyacrylamide-gel electrophoresis (Fig. 1) . It is important to pool only fractions of the highest specific activity after chromatography on both of the Procion dye-Sepharose 4B columns, since one of the two minor forms of aldehyde reductase (A. K. Daly, 0. Phillips & T. J.
Mantle, unpublished work) elutes very close to biliverdin reductase under the conditions described and is not separable on subsequent gel filtration. The elution volume on gel filtration corresponds to a mol.wt. of 32000 and the subunit molecular weight determined by SDS/polyacrylamide-gel electrophoresis was 36000, indicating that biliverdin reductase is a monomer.
The amino acid composition exhibits no unusual features, and (1971) have reported a loss of stability and alteration of kinetic properties after ion-exchange and adsorption-chromatographic techniques of the guinea-pig liver enzyme. We have therefore analysed the kinetics of ox kidney biliverdin reductase after each stage of the purification and find similar K , values for NADH and biliverdin IXa and similar substrate inhibitory K , values for biliverdin IXa. We obtain similar results with the enzymes from rat liver, kidney and spleen and conclude that the guinea-pig enzyme is markedly labile in this respect.
Steady-state kinetics in the presence of bovine serum albumin
The low K , for biliverdin IXa precludes detailed kinetic studies using a spectrophotometric assay in the absence of a biliverdin-binding protein, and since relatively high concentrations are required, we have routinely used bovine serum albumin. This was defatted by a modification of the method of Chen (1967) , which included an additional filtration through Whatman glass-fibre GF/C filters. Addition of bovine serum albumin, however, introduces two minor complications: (i) the absorption coefficient for bilirubin at 460nm increases from 42 to 57mM-l hem-' (0. Phillips & T. J. Mantle, unpublished work); and (ii) we now need to calculate the free biliverdin concentration ([BV],) from the total added ([BV],). S' ince we know the absorption coefficient for biliverdin IXa (2.5 mu-] -cm-I) at 460nm, the first is not a problem if we assume that all of the product bilirubin is bound to albumin. We routinely work at high concentrations of bovine serum albumin ([BSAI), so that [BV] , is linearly related to [BVI, by:
where Kd is the dissociation constant for the biliverdin-bovine serum albumin complex. To determine K,, we measured the variation of the initial rate (v,) with the total biliverdin concentration ([BVlJ in the presence and absence of bovine serum albumin (Fig. 2) . The data was then fitted by leastsquares analysis to eqns. (2) and (3) for total and partial substrate inhibition respectively :
Where n and d are kinetic constants, and [A1 is substrate concentration. The BASIC programs used ('DEMEQ' and 'DEMGRIDA') were written by Dr. B. A. Orsi, Trinity College, Dublin, and are based on the least-squares grid-search method of Becsey el al. (1968) and using the statistical analysis described in Deming (1943) . There was no convergence when eqn. (2) was used; however, excellent fits were obtained to Most of our kinetic experiments have been performed with NADH as cofactor and with biliverdin IXa prepared by oxidation of bilirubin IXa with 2,3-dicyano-5,6-dichlorobenzoquinone. By working below substrate-inhibitory concentrations of biliverdin IXa, we obtain linear doublereciprocal plots exhibiting intersecting patterns with both substrates, indicating a sequential mechanism (Cleland, 1963) . NAD+ is a linear competitive inhibitor against NADH and shows mixed inhibition against biliverdin. Unfortunately, product inhibition by bilirubin in the presence of albumin is not possible, owing to the high affinity of albumin for bilirubin, and since solubility problems preclude an analysis in the absence of albumin, a formal distinction between an ordered and a Theorell-Chance mechanism is not possible.
At concentrations of biliverdin IXa above I O~M , pronounced substrate inhibition is observed with NADH as cofactor, and this is particularly evident in the primary double-reciprocal plots with NADH as the variable substrate. Provided these studies are conducted in the range 10-60puM-biliverdin IXa, the substrate inhibition by biliverdin I X a appears to be uncompetitive against NADH. At higher concentrations of biliverdin IXa, it is apparent that the substrate inhibition is only partial. Thus plots of reciprocal velocity against biliverdin IXa concentration (over the substrate-inhibitory range) deviate from linearity at high concentrations. This behaviour is also manifest in the better fit to eqn. (3) shown in Fig. 2 and suggests an alternate pathway exists for product formation. A model that is consistent with all the data is shown in the scheme below (where E is the enzyme, BR is bilirubin and BV is biliverdin):
The potential role of intracellular binding proteins With the preferred cofactor, NADPH, substrate inhibition occurs even at O.Sp~-biIiverdin IXa (the lower limit of the spectrophotometric assay). In subcellular-localization studies, biliverdin reductase parallels the distribution of lactate dehydrogenase (0. Phillips & T. J. Mantle, unpublished work), so that NADPH is the presumed cofactor in vivo (see, e.g., Veech et al., 1969). Although there is no data on the normal steady-state concentration of biliverdin IXa, it seems reasonable to suppose that intracellular binding proteins may play a role in maintaining a low free biliverdin IXa concentration so that biliverdin reductase can operate efficiently in vivo. The glutathione S-transferases are believed to play a major role as intracellular binding proteins (see, e.g., Jakoby, 1978) , so we purified glutathione S-transferase B as previously described (Scully & Mantle, 1981) , except that the enzyme activities were induced by phenobarbital treatment. We obtain the same effect as shown in Fig. 2 by replacing albumin with purified preparations of glutathione S-transferase B. These studies provide a Kd of 12,uM and suggest that these intracellular binding proteins may play a role in modulating the activity of biliverdin reductase in vivo.
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Structure and function of octopine
Differential U.V. spectroscopic studies (Olomucki ef al., 1975) with NAD(H) and its analogues allowed us to determine which part of the coenzyme molecule is essential for its correct positioning on the enzyme, and to explore the properties of the coenzyme-binding site. It was possible to conclude that, in ODH, both the nicotinamide and adenine moieties participate in the binding of the coenzyme. ADP-ribose is the minimum fragment necessary to induce the substrate-binding site. In lactate dehydrogenase the binding of AMP is sufficient to generate a space-group change in the protein crystal; in liver alcohol dehydrogenase the binding of the whole coenzyme is necessary for it. The nicotinamide-binding site of ODH seems to be the most specific and restricted one among the dehydrogenases so far described.
The enhancement of the fluorescence intensity and the blue shift of the fluorescence maximum of reduced nicotinamide, in the binary and ternary complexes of ODH, demonstrate the hydrophobicity of the coenzyme-binding site (Luisi et al., 1973 ; Baici ef al., 1974) -a characteristic common to most
